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Abstract
 .The hydrophilic, extramembranous domains I a1 subunit and III of the Rhodospirillum rubrum nicotinamide
nucleotide transhydrogenase were expressed in Escherichia coli and purified therefrom as soluble proteins. These domains
 .  .bind NAD H and NADP H , respectively, and together they form the enzyme’s catalytic site. We have demonstrated
recently that the isolated domains I and III of the bovine transhydrogenase or domain I of R. rubrum plus domain III of the
.bovine enzyme reconstitute to catalyze transhydrogenation in the absence of the membrane-intercalated domain II, which
carries the enzyme’s proton channel. Here we show that the expressed domains I and III of the R. rubrum transhydrogenase
 . catalyze a very high NADP H -dependent cyclic transhydrogenation from NADH to AcPyAD 3-acetylpyridine adenine
.  .y1dinucleotide with a V of 214 mmol AcPyAD reduced min=mg of domain I . The reaction mechanism ismax
‘ping-pong’ with respect to NADH and AcPyAD, as these nucleotides bind interchangeably to domain I, and the
stereospecificity of hydride ion transfer is from the 4A position of NADH to the 4A position of AcPyAD. The expressed
domain I is dimeric, like the native a1 subunit of the enzyme, but the expressed domain III is monomeric and contains 0.94
 .mol NADP H per mol.
 .Keywords: Transhydrogenase; Reconstitution of expressed domains; Cyclic transhydrogenation; Bound NADP H ; Reaction mechanism;
Stereospecificity of H - transfer
Abbreviations: AcPyAD and AcPyADH, respectively, oxi-
dized and reduced 3-acetylpyridine adenine dinucleotide;
AcPyADP and AcPyADPH, respectively, oxidized and reduced
3-acetylpyridine adenine dinucleotide phosphate; SDS, sodium
dodecyl sulfate; PCR, polymerase chain reaction; DCCD, N,N X-
dicyclohexylcarbodiimide; FSBA, p-fluorosulfonylbenzoyl-5X-
adenosine; EDTA, ethylenediaminetetracetic acid; IPTG, iso-
propyl b-D-thiogalactopyranoside.
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1. Introduction
Nicotinamide nucleotide transhydrogenase is a pro-
ton pump of simple structure that is found in bacterial
plasma and chromatophore membranes and in mam-
w xmalian mitochondrial inner membranes 1–4 . The
enzyme catalyzes the direct and stereospecific trans-
fer of a hydride ion between the 4A position of
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 .  .NAD H and the 4B position of NADP H in a
reaction that is coupled to proton translocation with a
q y   ..H rH stoichiometry of ns1 Eq. 1 .
NADHqNADPqHq |NADqNADPHqHqout in
1 .
The bovine transhydrogenase is a half-site-reactive
homodimer of monomer molecular mass of 109 065
w xdaltons 1,2 . The monomer is composed of 3 do-
mains: an NH -terminal 430-residue-long hydrophilic2
 .domain I that binds NAD H , a central 400-residue-
long hydrophobic domain II that is largely mem-
brane-intercalated and harbors the enzyme’s proton
channel, and a COOH-terminal hydrophilic domain
 . w xIII that binds NADP H 5,6 . Domains I and III
protrude into the mitochondrial matrix, where to-
w xgether they form the enzyme’s catalytic site 7 . As
seen in Fig. 1, other transhydrogenases have the same
tridomain profile in 2 subunits Escherichia coli,
. w xRhodobacter capsulatus 9,10 , 3 subunits
 . w xRhodospirillum rubrum 11,12 , or a single subunit
with altered arrangement of the domains Eimeria
. w xtenella, Entamoeba histolytica 13–15 . The
 .NAD H -binding domain I of the R. rubrum trans-
 .hydrogenase a1 subunit is not connected to a hy-
drophobic membrane anchor, and can be easily ex-
tracted from chromatophore membranes and purified
w xas a soluble protein 16–18 .
We have shown previously that the bovine trans-
hydrogenase can be bisected by proteinase K in a
cytosolic-side extramembranous loop of domain II
 .Fig. 1 without any loss of transhydrogenation and
w xproton translocation activities 8 . Furthermore, we
have shown that the soluble substrate-binding do-
mains I and III of bovine transhydrogenase obtained
by proteolysis from the purified enzyme or expressed
.in E. coli can interact, in the absence of domain II,
to reconstitute a system capable of transhydrogena-
w xtion from NADPH to the NAD analog, AcPyAD 18 .
 .Similarly, purified domain I a1 subunit of R.
rubrum transhydrogenase could be cross-recon-
w xstituted with domain III of the bovine enzyme 18 .
This paper concerns the reconstitution of domains
I and III of the R. rubrum transhydrogenase, both
expressed in E. coli and purified therefrom. Of par-
ticular interest is the very high activity of this recon-
stituted system for cyclic transhydrogenation from
Fig. 1. Schematic representation of the tridomain composition of
nicotinamide nucleotide transhydrogenases from four different
sources, and the bidomain composition of transhydrogenases
reconstituted from the nucleotide-binding domains I and III of the
bovine and R. rubrum enzymes. In native transhydrogenase,
domains I and III are hydrophilic and extramembranous, and, as
 .  .shown, bind NAD H and NADP H , respectively. Domain II is
hydrophobic and largely membrane-intercalated. This domain is
divided into II-a and II-b in the two a- and b-subunits of the E.
coli enzyme. The corresponding hydrophobic segments of the R.
rubrum and the E. histolytica enzymes are similarly labeled. The
fifth entry in the figure is the result of the bisection of the bovine
transhydrogenase with proteinase K. This bisected enzyme exhib-
ited no loss of transhydrogenation and proton translocation activi-
w xties 8 . The last 3 entries are reconstituted transhydrogenases
from combination of domains I and III of the bovine and the R.
 .rubrum heavy-lined rectangles transhydrogenases expressed in
E. coli and isolated therefrom. For other details, see the text.
NADH to AcPyAD. This reaction, as originally dis-
w x w x.covered by Fisher and coworkers 19 , see also 20 ,




 .in which NADP H would remain enzyme-bound and
act as recipient of Hy in reaction 2 from NADH, and
donor of Hy in reaction 3 to AcPyAD, which would
replace NAD on the enzyme.
2. Materials and methods
2.1. Materials
NADH, NADPH, and NADP were from Cal-
biochem. AcPyAD was from Sigma. DEAE-Bio-gel
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A agarose and Macro-Prep High Q Support were
from Bio-Rad. Expression vector pET16b and its host
 .strain BL21 DE3 pLysS were from Novagen. Expres-
sion vector pKK223-3 was from Pharmacia. Restric-
tion enzymes were from Stratagene and New England
w 3 x  .Biolabs. 4- H NAD 1.20 Cirmmol was from
w 3 x  .Amersham. 4A- H NADH 26.4 mCirmmol was
w 3 xprepared using 4- H NAD and glutamate dehydroge-
w xnase 21 .
2.2. Expression and purification of domains I and III
of R. rubrum and bo˝ine transhydrogenases
For the expression of R. rubrum domain I, the
coding region of R. rubrum domain I was amplified
w xby PCR as reported previously 11 . An EcoRI site
 Xw as created in the sense prim er 5 -
X .GATGGGTGAATTCATGAAGATCG-3 and a
 XBamHI site in the antisense primer 5 -ACGAG-
X.GATCCTCTTGTCTTCCAT-3 by mutating the
bases underlined. The 1.2 kbp EcoRI-BamHI frag-
ment was excised from the PCR product and ligated
into the EcoRI-BamHI site of pKK223-3. R. rubrum
domain I was expressed in XL1-blue cells, and after
2 h induction by 1 mM IPTG, the cells were har-
vested. For purification of expressed domain I, 2 g of
E. coli cells were suspended in 80 ml of 50 mM
 .Tris-HCl pH 7.8 containing 1 mM dithiothreitol, 1
mM EDTA, and 0.5 mM phenylmethylsulfonyl fluo-
 .ride Buffer A , and were disrupted by sonication.
The unbroken cells and membranes were removed by
centrifugation at 39 000 rpm for 45 min Beckman,
.  .42 Ti rotor . To the supernatant 78 ml 21.6 g of
 .  .NH SO were added to 0.48 NH SO satura-4 2 4 4 2 4
tion. The solution was stirred for one hour at 48C and
the precipitate was removed by centrifugation. To the
 .  .supernatant 86 ml 14.7 g of NH SO were added4 2 4
 .to 0.75 NH SO saturation and the solution was4 2 4
stirred for one hour at 48C. The precipitate was
collected by centrifugation, dissolved in 2 ml of 10
 .mM Tris-HCl pH 8.0 containing 10 mM
 .NH SO , 1 mM dithiothreitol, 1 mM EDTA, and4 2 4
 .0.5 mM phenylmethylsulfonyl fluoride Buffer B ,
and dialyzed against 1 liter of Buffer B overnight.
The dialyzed sample was applied to a column 1.5=
.14 cm of Macro-Prep High Q Anion Exchange
Support equilibrated with Buffer B, and eluted with
Buffer B. Four milliliter fractions were collected and
the elution position of domain I was located by
SDS-polyacrylamide gel electrophoresis using
aliquots of the fractions. The domain I-containing
fractions were combined and concentrated to 1.0 ml
using Centricon-30 concentrator. From 1 liter of LB
medium 10 mg of pure R. rubrum domain I were
obtained. For the expression of R. rubrum domain
III, a NdeI site was introduced by mutating Lys-293
of the b-subunit to Met using a 25mer oligonucleo-
 Xtide 5 -GCTGCCGGCCATATGCGAACGATCG-
X.3 . Site-directed mutagenesis was carried out using
the Bio-Rad in vitro mutagenesis kit based on the
w xmethod of Kunkel et al. 22 and the mutation was
confirmed by DNA sequencing. The 800 bp NdeI-
BamHI fragment was cut out and ligated into the
NdeI-BamHI site of pET16b. R. rubrum domain III
 .K 293M to N 464 w as expressed in
 .BL21 DE3 pLysS, and after 2 h induction by 1 mM
IPTG, cells were harvested. The protocol used for
w xpurification of expressed bovine domain III 18 was
also applicable for purification of the expressed R.
rubrum domain III. From 1 liter of LB culture medium
20 mg of pure R. rubrum domain III were obtained.
In the case of expressed R. rubrum domain III, a
"histidine-tag" derived from the plasmid used is
attached to its NH -terminus.2
For the expression of bovine domain I, a NdeI site
was introduced by mutating Ser-2 to Met using a
 X25-m er oligonucleotide 5 -A C A G G G G C
X.  .CATATGCCACAGTATCC-3 , and Thr-428 ACG
was changed to a termination codon using a 24-mer
 Xoligonucleotide 5 -CCGATGTCATTTACTTC-
X.CTGAAGG-3 . The NdeI-BamHI 1.6 kbp fragment
was ligated into the NdeI-BamHI site of pET16b.
 .Bovine domain I was expressed in BL21 DE3 pLysS,
and after 2 h induction by 1 mM IPTG, the cells were
harvested. For purification of bovine domain I, 1.5 g
cells were suspended in 30 ml of Buffer A and
disrupted by sonication. The undisrupted cells and
membranes were removed by centrifugation at 39 000
 .rpm for 45 min Beckman, 42 Ti rotor . The super-
 .natant 30 ml was loaded onto a column of DEAE-
 .Bio-Gel A agarose 1.5=14 cm and eluted with
Buffer A. Fractions containing domain I were com-
bined and concentrated to f1.0 ml, using Centricon-
30 concentrator, and loaded onto an Ultrogel AcA34
 .column 1.5=68 cm equilibrated with Buffer A
containing 0.1 M NaCl. Fractions containing domain
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I were combined and concentrated to f1.0 ml by
Centricon-30 concentrator. From 1 liter of LB medium
10 mg of pure bovine domain I were obtained. The
expression of R. rubrum domain I has also been
w xachieved by others 23 . Expression and purification
w xof bovine domain III was reported previously 18 .
2.3. Assay of transhydrogenase acti˝ities
All transhydrogenation reactions were assayed at
378C in 1.0 ml of 100 mM sodium phosphate buffer
 .pH 6.5 . Unless otherwise indicated, the reaction
mixture for NADH“AcPyAD transhydrogenation
contained 0.2 mM NADH and 10 mM AcPyAD in
the presence or absence of 20 mM NADPH. The
reaction mixture for NADPH“AcPyAD transhydro-
genation contained 0.2 mM of each nucleotide and
that for NADH“AcPyADP transhydrogenation con-
tained 0.1 mM NADH and 0.5 mM AcPyADP. Reac-
tions were started by the addition of expressed do-
mains I and III together, and the reduction of
 .AcPyAD P was followed at 375 nm in an Aminco
DW2a dual wavelength spectrophotometer. An ex-
tinction coefficient of 6.1 mMy1 cmy1 was used to
calculate rates. In the cyclic transhydrogenation reac-
tion catalyzed by R. rubrum domains Iq III, the
effect of pH on activity was insignificant in the pH
range 5.5 to 8.5.
( )2.4. Determination of the NADP H content of ex-
pressed R. rubrum domain III
NADP and NADPH were extracted separately from
1.35 mg each of expressed R. rubrum domain III and
their amounts were determined as described by Klin-
w xgenberg 24 .
2.5. Determination of stereospecificity of hydride ion
transfer in NADH“AcPyAD transhydrogenation
catalyzed by R. rubrum domains I and III
NADH“AcPyAD transhydrogenation was car-
ried out at room temperature in 0.5 ml of a reaction
mixture containing 100 mM potassium phosphate, pH
w 3 x  .6.0, 50 mM 4A- H NADH 26.39 mCirmmol , 0.1
mM AcPyAD, 1 mg of R. rubrum domain I, and 2
mg of R. rubrum domain III. Where indicated, 20
mM NADPH was also added. After 4 min of incuba-
tion the sample was mixed with an equal volume of
 .cold 100 mM potassium phosphate buffer pH 6.0 .
Then, the mixture was filtered, using Centricon-10
concentrator, and 0.7 ml of the filtrate was applied to
a reverse phase column Pep RPC HR5r5, Pharma-
.cia . Nucleotides were eluted at a flow rate of 0.5 ml
 .per min with 100 mM potassium phosphate pH 6.0
containing 4% methanol. AcPyADH was eluted be-
tween 22 and 27 min. The specific radioactivity of
w 3 x4- H AcPyADH was 24.44 and 26.07 mCirmmol,
respectively, in the presence and absence of 20 mM
NADPH in the reaction mixture, indicating that the
w 3 x4A-hydrogen of 4A- H NADH was selectively
transferred to AcPyAD. To determine the stereospeci-
w 3 x wficity of tritium-labeled 4- H AcPyADH, the 4-
3 xH AcPyADH was oxidized using a 4A-specific alco-
hol dehydrogenase. The reaction mixture contained
w 3 x10 mM 4- H AcPyADH, 0.65% acetaldehyde, and
20 mg of yeast alcohol dehydrogenase. After oxida-
w 3 xtion of 4- H AcPyADH, the reaction mixture was
filtered through Centricon-10 concentrator, and 0.7
ml of the filtrate was applied to the reverse phase
column described above. AcPyAD was eluted be-
tween 6 and 8 min. The concentration of nucleotide
was determined from its absorbance at 260 nm and
its radioactivity was determined in a liquid scintilla-
tion counter.
2.6. Analytical gel filtration
Analytical gel filtration was performed on Ultrogel
 .AcA34 column 1.5=68 cm with 50 mM Tris-HCl
 .pH. 7.8 containing 1 mM dithiothreitol and 0.1 M
NaCl. The void volume, V , was determined witho
blue dextran. The partition coefficient, K , was cal-av
culated from the elution volume, V , by the relation-e
 .  .ship, K s V yV r V yV , where V is the totalav e o t o t
volume of the gel bed. The relative molecular masses
of the polypeptides were estimated by the method of
w xAndrews 25 .
2.7. Polyacrylamide gel electrophoresis
SDS-polyacrylamide gel electrophoresis was car-
w xried out according to Laemmli 26 using 12% poly-
acrylamide gel. For relative molecular mass estima-
tion under non-denaturing conditions, proteins were
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subjected to electrophoresis on gels of varying acryl-
amide concentrations according to Hedrick and Smith
w x27 .
2.8. Other methods
Protein concentration was determined by the modi-
w xfied Lowry method 28 using bovine serum albumin
as a standard.
3. Results
Domains I and III of the bovine and the R. rubrum
transhydrogenases were overexpressed in E. coli and
 .purified therefrom in soluble form Fig. 2 . The
expressed domains I and III of the R. rubrum enzyme
represent, respectively, the a1 subunit Fig. 2, lane
.1 and the COOH-terminal 172 amino acid residues
of the b-subunit plus a ‘histidine tag’ at the NH -2
 .terminus as described in Section 2 Fig. 2, lane 2 .
The expressed domains I and III of the bovine trans-
hydrogenase represent, respectively, the NH -termi-2
nal residues from Ser-2, which was mutated to Met,
 .up to Thr-428 Fig. 2, lane 3 , and the COOH-termi-
 .nal segment Met-860 to Lys-1043 Fig. 2, lane 4 .
Table 1 shows the transhydrogenase activities of
these purified domains I and III when added together
to the reaction mixtures, among which the high cyclic
NADH“AcPyAD transhydrogenase activity of the
combined domains I and III of the R. rubrum enzyme
is most notable. This activity, which was measured at
saturating concentrations of NADH and AcPyAD,
was considerably greater than the V 27.7 mmolmax
Fig. 2. SDS-polyacrylamide gel electrophoresis of expressed and
purified domains I and III of the R. rubrum and bovine trans-
hydrogenases. SDS-polyacrylamide gel electrophoresis was car-
w xried out according to Laemmli 26 and to each lane 1.0 mg of the
preparation indicated was added. Lanes 1 and 2, domains I and
III of R. rubrum transhydrogenase; lanes 3 and 4, domains I and
III of bovine transhydrogenase, respectively. The gel was stained
with Coomassie brilliant blue and destained in 10% acetic acid.
.AcPyAD reducedrminrmg of domain I obtained
when the expressed domain I was added to R. rubrum
chromatophore membranes depleted of domain I
 .a1-subunit by 3-times washing with 2 M NaCl.
Furthermore, the latter system had an absolute re-
quirement for added NADPH for cyclic transhydro-
genation, whereas the reconstituted domains Iq III of
Table 1
Transhydrogenase activities of reconstituted domains I and III of the bovine and R. rubrum enzymes expressed in E. coli and purified
therefrom
Domains Specific activity
R. rubrum Bovine NADPH“ NADH“ NADH“AcPyAD
AcPyAD AcPyADP yNADPH qNADPH
Iq III 2.31 0.56 206.6 216.4
I q III 2.08 0.68 6.0 15.4
III q I 2.18 0.72 0.43 3.1
Iq III 0.64 0.48 0.07 0.20
Assays were conducted at 378C as described in Section 2. Specific activity is expressed as mmol AcPyAD or AcPyADP reduced per min
per mg of domain I of bovine or R. rubrum transhydrogenase where applicable. Individually, none of the purified domains of either
species showed any transhydrogenase activity.
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Fig. 3. The time-course of the NADH“AcPyAD transhydro-
genation reaction catalyzed by R. rubrum domains I and III in the
presence and absence of added NADPH. In A, the reaction
 .mixture contained 100 mM sodium phosphate pH 6.5 , 0.2 mM
NADH, 0.2 mM AcPyAD, and 20 mM NADPH. The reaction
was started by the addition of 0.13 mg of domain I and 0.5 mg of
domain III. In B, the reaction mixture was the same as in A,
except that 20 mM NADPH were added where indicated by
arrow 3 min after the reaction was started by the addition of
domains I and III. The reduction of AcPyAD was monitored at
375 nm.
R. rubrum did not show this requirement in the initial
phase of AcPyAD reduction by NADH.
The progress of AcPyAD reduction by NADH as
catalyzed by R. rubrum domains Iq III in the pres-
 .  .ence trace A and absence trace B of added NADPH
is shown in Fig. 3. It is seen in trace B that initially
the reaction in the absence of added NADPH was as
fast as in trace A, where NADPH was present in the
reaction mixture. However, as the trace B reaction
progressed, its rate diminished. Addition of 20 mM
NADPH to the reaction mixture where shown by an
 .arrow restored the initial rapid rate Fig. 3, trace C .
Similar results were obtained when NADP was added
instead of NADPH. These data suggested that the
expressed domain III as isolated might contain bound
 .NADP H , which comes off the protein during the
course of the reaction. Accordingly, purified prepara-
tions of expressed domain III of R. rubrum trans-
hydrogenase were extracted as described in Section 2,
and the extracts were assayed enzymatically for
NADP and NADPH. It was found that the R. rubrum
expressed domain III contained per mol about 0.40
mol NADP and 0.54 mol NADPH. The values ob-
tained in a second, independent assay were 0.37 mol
NADP and 0.56 mol NADPH per mol of domain III.
The finding of domain-III-bound NADP and
NADPH supports the assumption that transhydro-
genation from NADH to AcPyAD as catalyzed by the
reconstituted R. rubrum domains I and III takes place
via cyclic transhydrogenation as shown in reactions 2
and 3. Also in agreement with this mechanism are the
kinetics of the reaction, i.e., one would expect that
NADH oxidation and AcPyAD reduction at the nu-
cleotide binding site of domain I to follow a ping-pong
w xmechanism 29 . This is shown in Fig. 4A, where the
reciprocal of the rate of AcPyAD reduction is plotted
against the reciprocal of NADH concentration at 4
fixed concentrations of AcPyAD. As expected, a set
of parallel lines were obtained. Further analysis of
these data, as shown in Fig. 4B, allowed calculation
of the kinetic constants of the reaction as summarized
in Table 2. This table also shows the constants ob-
tained from a similar analysis of the kinetics of the
cyclic transhydrogenation reaction catalyzed by the
combination of expressed domain I and NaCl-washed
chromatophore membranes of R. rubrum. It is seen
that the K values of NADH and AcPyAD are largerm
in this case and V about 8-fold smaller. It ismax
possible that the approach of substrates to domain I
bound to chromatophores is more cluttered and sub-
 .Fig. 4. A Double reciprocal plot of the rate of NADH“
AcPyAD transhydrogenation catalyzed by R. rubrum domains I
and III versus NADH concentration at different fixed concentra-
tions of AcPyAD. The reaction was started by the addition of
0.25 mg of domain I and 3.0 mg of domain III. The AcPyAD
 .concentrations in the reaction mixtures were 100 mM fl , 150
 .  .  .  .mM % , 250 mM ‘ , and 400 mM ’ . B Replot of the
app  .reciprocals of V ordinate intercepts of panel A at differentmax
AcPyAD concentrations versus the reciprocals of the AcPyAD
concentrations.
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Table 2
Kinetic constants of cyclic transhydrogenation from NADH to







The unit for K is mM and for V is mmol AcPyAD reducedm max
 .y1min=mg of domain I . The kinetic constants of NADH“
AcPyAD transhydrogenation catalyzed by R. rubrum domains I
and III were obtained from Fig. 4. V was obtained from themax
ordinate intercept of Fig. 4B, and the K values for NADH andm
AcPyAD were calculated from the following relationships. In
Fig. 4A, the slope of the liness K NADHr V , and, in Fig. 4B,m max
AcPyAD w xthe slope of the lines K r V 33 . Similar kinetic ex-m max
periments and analyses were carried out for transhydrogenation
from NADH to AcPyAD as catalyzed by the expressed R.
rubrum domain I plus NaCl-washed R. rubrum chromatophore
membranes.
strates can bind elsewhere on the chromatophore
membranes as compared to the simple domains Iq III
reconstituted system. Another reason for the high
activity of the expressed and reconstituted domains I
and III may be related to their molecular properties as
described below.
As indicated above, the bovine transhydrogenase is
a half-site-reactive homodimer, and binds 1 mol each
w xof NADH and NADPH per dimer 6 . Similarly, it
w3 xwas shown that the active-site modifiers H FSBA
w14 xand C DCCD caused complete inhibition of the
bovine transhydrogenase upon covalent modification
of the enzyme at 1 mol of the inhibitor per dimer
Fig. 5. Determination of the relative molecular masses of ex-
pressed R. rubrum domains I and III by gel filtration on Ultrogel
AcA34. Elution positions of R. rubrum domains I and III are
shown by arrows. Yeast alcohol dehydrogenase, bovine serum
albumin, ovalbumin, carbonic anhydrase, soybean trypsin in-
hibitor, and cytochrome c were used as standards. The relative
molecular masses of the expressed R. rubrum domains I and III
were estimated to be 74 000 and 21000, respectively. For details
see Section 2.
w x30,31 . However, as seen in Fig. 5, determination of
the relative molecular masses of the expressed do-
mains I and III of the R. rubrum transhydrogenase
indicated respective M values of 74 000 and 21 000.r
The M values obtained from native gel electrophore-r
sis were also in good agreement, namely, 72 000 and
 .21 000, respectively data not shown . These results
indicate, therefore, that the expressed domain I of the
R. rubrum enzyme is dimeric, but the expressed
domain III is monomeric. Furthermore, in contrast to
the bovine enzyme that binds 1 mol of NADPH per
dimer, the data given above indicated that the ex-
pressed domain III of the R. rubrum transhydro-
Table 3
w 3 xStereospecificity of hydride ion transfer from 4A- H NADH to AcPyAD in cyclic transhydrogenation catalyzed by the expressed and
reconstituted domains I and III of R. rubrum transhydrogenase
3 3w x w xReaction 1 4A- H NADH qAcPyAD“NADq 4- H AcPyADH
Radioactivity 26.39 26.07
 .  .  .mCirmmol 26.39 24.44
3w xReaction 2 4- H AcPyADH qCH CHO“ AcPyADqC H OH3 2 5
Radioactivity 26.07 0.27
 .  .  .mCirmmol 24.44 0.55
w 3 xThe reaction conditions were the same as described in Section 2. The 4- H AcPyADH formed in reaction 1 was oxidized using the
4A-specific yeast alcohol dehydrogenase in reaction 2. The radioactivities of the pertinent reactants are shown under each. Values in
 .parentheses show the results of an experiment in which cyclic transhydrogenation reaction 1 was carried out in the presence of 20 mM
NADPH.
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 .genase binds 1 mol of NADP H per monomer. Thus,
it is possible that the monomeric nature of this ex-
pressed domain III with its full complement of bound
 .NADP H is instrumental in the very high cyclic
transhydrogenase activity of the reconstituted do-
mains Iq III of the R. rubrum enzyme.
With the above data at hand, it was of interest to
investigate the stereospecificity of hydride ion trans-
fer from NADH to AcPyAD and see whether it
conforms to the mechanism of cyclic transhydrogena-
w xtion reaction 19–21 . In normal transhydrogenation
  ..  .Eq. 1 , hydride ion transfer between NAD H and
 .NADP H is direct and involves the 4A position of
 .  .NAD H and the 4B position of NADP H . In cyclic
transhydrogenation where NADH oxidation and
AcPyAD reduction take place at the same
nucleotide-binding site on domain I, one would ex-
pect that the 4A hydrogen of NADH would go to the
4B position of NADP and return to the 4A position
  .  ..of AcPyAD Eqs. 2 and 3 . As seen in Table 3,
transhydrogenation catalyzed by the R. rubrum ex-
pressed domains I and III was carried out from
w 3 x4A- H NADH to AcPyAD in the absence and the
presence of added NADPH. The radioactive
AcPyADH formed was then separated and oxidized
by the 4A-specific yeast alcohol dehydrogenase. It is
seen in Table 3 that there was essentially quantitative
w 3 xtransfer of radioactivity from 4A- H NADH to
AcPyAD, and that nearly all the radioactivity of
AcPyADH was lost when it was oxidized by the
4A-specific alcohol dehydrogenase, thus indicating
w 3 xthat tritium was transferred from 4A- H NADH to
w 3 xmake 4A- H AcPyADH. The quantitative nature of
tritium transfer also indicated that hydride ion trans-
fer in both directions, i.e., from NADH to NADP,
and from NADPH to AcPyAD, was direct, and con-
firmed our expectation that reconstitution of isolated
domains I and III must involve surface complemen-
tarity of their nucleotide-binding domains, allowing
 .  .the nicotinamide rings of NAD H and NADP H to
come very close to each other.
4. Discussion
 .It has been shown that the NAD H -binding do-
 .  .main I a1-subunit and the NADP H -binding do-
main III of the R. rubrum transhydrogenase can be
expressed in E. coli and isolated therefrom in native
state. Domain I is expressed as a dimer and domain
III as a monomer. The expressed domain III was
shown after purification to contain 0.94 mol of
 .  w x.NADP H per mol see also Ref. 32 . The K of thed
bovine transhydrogenase for NADPH, as determined
by equilibrium binding studies with the 14C-labeled
nucleotide, is about 6 mM. The affinity of the ex-
pressed domain III of the R. rubrum enzyme should
be much greater, as suggested by the fact that it
 .retains a full complement of NADP H during purifi-
cation which involves 2 column chromatographic
procedures.
It has also been shown that the expressed domains
I and III of the R. rubrum transhydrogenase easily
recombine to reconstitute a system capable of trans-
hydrogenation from NADPH to AcPyAD, from
NADH to AcPyADP, and very efficiently from
NADH to AcPyAD in a cyclic manner which in-
 .volves the bound NADP H of domain III. The dif-
  ..ference between normal transhydrogenation Eq. 1 ,
which is linked to proton translocation, and cyclic
  .  ..transhydrogenation Eqs. 2 and 3 , which is not
linked to proton translocation, is shown graphically in
 w x.Fig. 6 see also Ref. 20 . It is seen in the right-hand
Fig. 6. Comparison of normal, proton-translocating transhydro-
 .genation left-hand scheme and non-proton-translocating cyclic
 .transhydrogenation right-hand scheme . In normal transhydro-
 .genation, forward direction protonmotive force alters enzyme
conformation and its affinity for substrates and products, thereby
increasing the rate of NADPH formation. In the reverse direction,
substrate binding energy is transmitted via protein conformation
 .change bolt to domain II to effect outward proton translocation.
 .In cyclic transhydrogenation, NADP H remains enzyme bound.
Therefore, no binding energy change and no proton translocation
take place. Roman numeral I, II and III indicate the three
domains of the enzyme, and Arabic numerals 1–6 show the
sequence of events in cyclic transhydrogenation. For details, see
w xRef. 1 .
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scheme that, after the loss of Hy to NADP, NAD is
replaced at the nucleotide-binding site of domain I by
AcPyAD. Then, after acquisition of Hy from
NADPH, AcPyADH is replaced on domain I by
 .  .NADH. This means that NAD H and AcPyAD H
are mutually competitive for binding on domain I,
and that the reaction mechanism with respect to these
w xnucleotides should be ping-pong 29 . These expecta-
tions were supported by the results shown in Fig. 4A
and B. These data indicated K values of 25 andm
214 mM for NADH and AcPyAD, respectively, and a
V of 214 mmol AcPyAD reduced min=mg ofmax
.y1domain I . Furthermore, the stereospecificity of
hydride ion transfer from NADH to AcPyAD showed
that the transfer involves the 4A position of the
substituted pyridine ring of these nucleotides, in com-
plete agreement with the cyclic transhydrogenation
mechanism in which both NADH and AcPyAD bind
interchangeably to the same nucleotide-binding site
 .of domain I Fig. 6, right-hand scheme .
As catalyzed by the R. rubrum domains Iq III,
transhydrogenations from NADH“AcPyADP and
from NADPH to AcPyAD are, respectively, 380- and
90-times slower than cyclic transhydrogenation from
 .NADH to AcPyAD Table 1 . Considering the fact
that cyclic transhydrogenation from NADH to
AcPyAD is the sum of the transhydrogenations from
NADH to NADP and from NADPH to AcPyAD
  .  ..Eqs. 2 and 3 , one may ask why the cyclic
reaction as catalyzed by the same reconstituted en-
zyme is so much faster than either of its component
two reactions. The answer is probably related to the
fact that in noncyclic transhydrogenation NADPH
  ..   ..Eq. 2 and NADP Eq. 3 must come off the
enzyme to be replaced in each cycle by the oxidized
and the reduced nucleotide, respectively. Therefore, a
 .slow off-rate of NADP H from domain III would
impede the rates of the noncyclic transhydrogenation
reactions, whereas it would favor the rate of the
 .cyclic reaction. As seen in trace B of Fig. 3, NADP H
appears to come off the expressed domain III during
the course of the reaction, resulting in a progressive
decay of the reaction rate, which is restored by
addition of NADPH or NADP to the reaction mixture
 .Fig. 3, trace C . We have done other experiments
w  .xsimilar to trace B no added NADP H , in which the
concentration of domain III was low and varied.
Results have suggested that the decay of activity
occurs with a rate constant of F0.01 sy1. Should
 .this be an estimate of the off-rate of NADP H from
domain III, then it would explain the reason for the
slow rates of the noncyclic transhydrogenations as
compared to the rate of the cyclic reaction. This
interpretation poses another question, however,
 .namely, why NADP H does not come off the ex-
pressed domain III during its purification, but it does
so during a much shorter period in the reaction
 .mixture. The labilization of the bound NADP H of
domain III may be a consequence of the interaction
of this domain with domain I. In other words, the
interaction of domain I with domain III to reconsti-
tute the catalytic site of the transhydrogenase may
involve conformational adjustments in domain III,
 .which result in a decrease in its affinity for NADP H .
Another point of interest that should be considered
here is the fact that the expressed domain III of R.
rubrum transhydrogenase is monomeric and reactive
w xas such. As was mentioned earlier, the bovine 34
w xand the E. coli 35 enzymes are homodimers. So is
 .the native or the expressed domain I a1-subunit of
the R. rubrum transhydrogenase Fig. 5 and Ref.
w x.23 . However, it is not known why dimeric trans-
hydrogenase exhibits half-site reactivity, as has been
w xdemonstrated for the bovine enzyme 6,30,31 , nor is
it known whether monomeric transhydrogenase might
be active. Active cytochrome-c oxidase is found both
w x w xin dimeric 36 and monomeric 37 states. The latter
is present in Paracoccus denitrificans, which also
contains a 2-subunit transhydrogenase like the E. coli
enzyme Yamaguchi, M. and Hatefi, Y., unpublished
.data . However, the P. denitrificans transhydro-
genase has not been isolated, and it is not known
whether it is dimeric or monomeric.
Our results have shown that the expressed
monomeric domain III of R. rubrum transhydro-
genase can interact with the dimeric R. rubrum or
bovine domain I to reconstitute transhydrogenase ac-
tivity. In the absence of domain II, these reactions are
not coupled to proton translocation, and whether the
dimeric state of the enzyme is required for energy
coupling is not known. The reason that domain III of
the R. rubrum transhydrogenase is expressed as a
monomer, whereas its domain I is expressed as a
dimer is also not known. We do know that the
monomeric state of this expressed domain III does
not appear to be caused by its NH -terminal ‘histi-2
( )M. Yamaguchi, Y. HatefirBiochimica et Biophysica Acta 1318 1997 225–234234
dine tag’. Domain III of the bovine transhydrogenase,
which does not contain a ‘histidine tag’, is also
expressed as a monomer with a relative molecular
mass of 23 000.
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